: Addition of thioglycolate and DEAE-Sephadex chromatography were used to analyze the cleavage of the C(3')-0-P bond 3' to AP (apurinic/apyrimidinic) sites in DNA and to distinguish between a mechanism of hydrolysis (which would allow the nicking enzyme to be called 3' AP endonuclease) or g-elimination (so that the nicking enzyme should be called AP lyase). For this purpose, DNA labelled in the AP sites was first cleaved by rat-liver AP endonuclease, then with the 3' nicking catalyst in the presence of thioglycolate and the reaction products were analyzed on DEAE-Sephadex : deoxyribose-5-phosphate (indicating a 3' cleavage by hydrolysis) and the thioglycolate:unsaturated sugar-5-phosphate adduct (indicating a cleavage by g-elimination) are well separated allowing to eventually easily discard the hypothesis of a hydrolytic process and the appellation of 3' AP endonuclease.
ABSTRACT
: Addition of thioglycolate and DEAE-Sephadex chromatography were used to analyze the cleavage of the C(3')-0-P bond 3' to AP (apurinic/apyrimidinic) sites in DNA and to distinguish between a mechanism of hydrolysis (which would allow the nicking enzyme to be called 3' AP endonuclease) or g-elimination (so that the nicking enzyme should be called AP lyase). For this purpose, DNA labelled in the AP sites was first cleaved by rat-liver AP endonuclease, then with the 3' nicking catalyst in the presence of thioglycolate and the reaction products were analyzed on DEAE-Sephadex : deoxyribose-5-phosphate (indicating a 3' cleavage by hydrolysis) and the thioglycolate:unsaturated sugar-5-phosphate adduct (indicating a cleavage by g-elimination) are well separated allowing to eventually easily discard the hypothesis of a hydrolytic process and the appellation of 3' AP endonuclease.
We have shown that addition of thioglycolate to the unsaturated sugar resulting from nicking the C(3')-0-P bond 3' to AP sites by 3-elimination is an irreversible reaction. We have also shown that the thioglycolate must be present from the beginning of the reaction with the nicking catalyst to prevent the primary 5' product of the 0-elimination reaction from undergoing other modifications that complicate the interpretation of the results.
INTRODUCTION.
Enzymes are known that break DNA strands near AP (apurinic/ apyrimidinic) sites. Some hydrolyse the C(3')-0-P bond 5' to the AP site and are rightly called AP endonudeases. Others break the C(3')-0-P bond 3' to the AP site and the question then arises whether the breaking is by hydrolysis or rather by a reaction of g-elimination; in all the cases that were examined, the mechanism was by S-elimination : thus E.coli endonuclease III, M.luteus and T4 UV endonudeases are not 3' AP endonudeases or AP endonudeases, class I (1), but AP lyases (2,3,A,5) . The common names of these three enzymes should be changed since they are ©IRLPress 6269
even not endonucleases : they should be known by names describing their DNA glycosylase activity rather than their strand nicking activity; this nicking activity should be referred to as the AP lyase activity of the DNA glycosylase (6) .
To distinguish between the hydrolysis of the C(3')-0-P bond 3 1 to an AP site or its breakage by (3-elimination, one can, in addition, hydrolyse the C(3')-O-P bond 5' to the AP site with an AP endonuclease and identify the released sugar-5-phosphate by DEAE-Sephadex chromatography. The chromatographic behaviours of the deoxyribose-5-phosphate (if the nicking 3' to the AP site were by hydrolysis) and of the unsaturated sugar-5-phosphate (when the breakage is by 3-ellmination) are however not very different : most often the unsaturated sugar-5-phosphate is delayed by one fraction, but sometimes the two sugar-5-phosphates are not separated (see, for instance, the result with phage T4 UV endonuclease in (4), figure 4).
Manoharan e_t a_l. (5) have shown that the unsaturated sugar produced by 6-elimination reacts with thiols and we have used thiols coupled with an anionic group to increase the electrophoretic migration of the 5' fragment resulting from the action of a S-elimination catalyst on an oligonucleotide containing an AP site, without changing the behaviour of an oligonucleotide with a 3'-terminal base-free deoxyribose (3).
In this paper, thioglycolate was used to retard the elution from a DEAE-Sephadex column of the sugar-phosphate produced by the successive actions of an AP endonuclease and a g-elimination catalyst so that the breakage of the C(3')-O-P bond 3' to an AP site by hydrolysis or by g-elimination can be easily distinguished. We have also used the method to investigate the addition reaction and the fate of the primary product of 0-elimination.
MATERIALS and METHODS.
The enzymes :
Uracil-DNA glycosylase was prepared from E.coli B41 according to Lindahl e_t_ al • (7). The enzyme was kept at -20°C in 30 mM Tris.HCl, pH 7.4, 0.4 M NaCl, 1 mM EDTA, 1 mM dithiothreitol, 5% (v/v) glycerol.
The AP endonuclease was extracted from rat-liver chromatin (8) and purified by successive chromatographies on HA-Ultrogel, Biogel P-150 and ssDNA-Ultrogel. The enzyme was kept in 50 mM Hepes.KOH, pH 7.8, 50 mM NaCl, 0.02% bovine serum albumin, 0.01% Triton X-100, 50% glycerol.
E.coli pyrimidine hydrate-DKA glycosylase preparation was that used by Bailly and Verly (2) In all experiments, DNA.d(-) | 5'-32 P;1',2'-3 H| was first nicked 5' to the AP sites with the rat-liver AP endonuclease; it was subsequently cleaved 3' to the AP sites, in the presence of thioglycolate, by ^-elimination using either an alkaline pH, spermine or the AP lyase activity of E.coli pyrimidine hydrate-DNA glycosylase. The two treatments had to be done in that order since rat-liver AP endonuclease has no action on the 5' product of a 0-elimination reaction at an AP site (10) . The released sugar-phosphate and/or its thioglycolate addition product were subsequently analysed by DEAE-Sephadex chromatography. It was shown that thioglycolate alone did not accelerate the spontaneous rate of cleavage of the phosphodiester bond 3' to an AP site already nicked 5' with the AP endonuclease. Alkaline B-elimination :
DNA.d(-) 15' -32 P; 1 ' ,2'-3 H| (250 ug) in 250 pi 50 mM Hepes.KOH, pH 8.0, 1 mM EDTA, 10 mM MgCl 2> was supplemented with 1 yl rat-liver AP endonuclease solution; after 30 min at 37°C, the reaction, which was complete, was stopped by addition of 25 Ul 0.2 M EDTA. To the medium were then added successively 1 M Na thioglycolate and 0.4 M NaOH; the thioglycolate final concentration was 10, 25, 50 or 100 mM, whereas the NaOH final concentration was always 0.2 M. After 15 min at 37°C, the solution was neutralized with 1 M HC1 ; 5 yl 1 M deoxyribosephosphate and 10 ml 0.1 M Na borate, pH 8.3, containing the same concentration of thioglycolate as the undiluted sample were then added. The diluted sample was chromatographed on DEAE-Sephadex; the buffers used for equilibration and elution contained always the same concentration of thioglycolate. Controls were carried out where Na thioglycolate was replaced by an equal concentration of Na acetate. The results are in Figure 1 .
The control with 10 mM Na acetate (figure la) shows two H Figure 1 : Alkaline B-elimination at AP sites; addition of thioglycolate to the 5' cleavage product. DNA.d(-) |5'-32P; 1 ' ,2 ' -3H | was first incubated with rat-liver AP endonuclease to hydrolyse the C(3')-0-P bond 5' to the AP sites; after addition of thioglycolate (or acetate for the controls), it was exposed to 0.2 M NaOH for 15 min at 37°C. The solution was neutralized with HC1 and, after addition of the deoxyribose-5-phosphate marker, analyzed on DEAE-Sephadex using buffers containing the same thioglycolate (or acetate for the controls) concentration as the alkaline incubation medium. Aliquots from the collected fractions were used to measure the 32P (*) and 3H (A) radioactivities, or, after a diphenylamine reaction, to assay the deoxyribose-5-phosphate marker (A600 :
). N -fraction number. Control where thioglycolate was replaced by 10 mM acetate (a) (controls with other Na acetate concentrations, which were not different, are not shown); thioglycolate : 10 mM (b), 25 mM (not shown), 50 mM (c), or 100 mM (d). 32 j peaks and one P peak. The first H peak contained a volatile radioactivity which was not retained by the column (= part of the H in the 2' position of the base-free deoxyribose released by the (3-elimination) . The second H peak is coincident with the 3 2 P peak; it contained the 2',3'-unsaturated sugar-5-phosphate released by the 3-elimination that followed the 5' nicking by the AP endonuclease; the doubly-labelled compound emerged only slightly after the deoxyribose-5-phosphate marker.
The sample treated with 10 mM Na thioglycolate (figure lb) 3 32 shows three H peaks and two P peaks. In addition to what was observed with the control, there was a doubly-labelled compound emerging around fraction 30 which was the addition product of the 2',3'-unsaturated sugar-5-phosphate and thioglycolate. The addition reaction was obviously incomplete. It is also important to notice that the presence of thioglycolate did not change the position of the deoxyribose-5-phosphate marker.
When the thioglycolate concentration was increased, the 6274 amount of free unsaturated sugar-5-phosphate decreased to disappear almost completely at 100 mM (figure Id), whereas the amount of adduct increased. But the Na thioglycolate accelerated the elution from the DEAE-Sephadex column, the more so that its concentration was higher; the free sugar-phosphate formed only a bump on the adduct peak when the thioglycolate concentration reached 100 mM (figure Id). No such effect on the chromatography was observed with the controls which behaved identically whatever the Na acetate concentration (not shown).
The incomplete addition reaction and the influence of the thioglycolate concentration on the final result have several possible interpretations : 1) kinetical : the addition is a slow process and there was not enough time for the reaction to be complete;
2) thermodynamical : the reaction reaches an equilibrium; it is because of this possible explanation that thioglycolate was present, at the same concentration, during the chromatography;
3) the primary product of ^-elimination undergoes competing reactions : addition of thioglycolate or conversion to another unreactive product.
The first of these three possible causes can be excluded : using 50 mM Na thioglycolate, the chromatographic pattern was not changed when, after neutralization with HC1, the sample was incubated 24 h at 37°C before being chromatographed (not shown). Before trying to choose between the two remaining hypotheses, we have examined what happens when the g-elimination occurs at more physiological pH. Spermine-catalyzed B-elimination :
DNA.d(-)|5'-32 P;1',2'-3 H| was nicked with the AP endonuclease from rat-liver chromatin as in the preceding section and the reaction terminated with EDTA. Na thioglycolate and spermine.HCl were then successively added to reach, respectively, 50 mM and 1 mM final concentrations; the pH was 8.0. A control where the Na thioglycolate was replaced by an equal concentration of Na acetate was run in parallel. After 60 min at 37°C, the samples were chromatographed on DEAE-Sephadex using buffers containing 50 mM of either Na thioglycolate or Na acetate. Figure 2a shows that, in absence of thioglycolate, there 3 32 3 were two H peaks, but also two P peaks. The coincident H and P peaks, that emerged one fraction after the deoxyribose-5-phosphate marker, contained the unsaturated sugar-5-phosphate. The first peak of P belonged to a compound that was not retained by the column; it was likely an addition product of the unsaturated sugar-5-phosphate and spermine which was positively charged at pH 8^*' next P a 8 e ), The first 3 H p«ak was most probably the sum of the double-labelled spermine adduct r and of the radioactivity released by 3-elimination from the 2' « position of the base-free deoxyribose.
In the presence of 50 mM thioglycolate (figure 2b), there 32 3 was a single P peak coincident with the second H peak and which corresponded to the product of thioglycolate addition to > the unsaturated sugar-5-phosphate. It is noteworthy that thioglycolate prevented the addition of spermine to the unsaturated sugar-5-phosphate. On the other hand, there was no free unsaturated sugar-5-phosphate left indicating that the thioglycolate addition was complete. This is different from what we observed with the alkaline g-elimination; the different pHs at which the addition reaction occurred might explain the different ' results. The first H peak most probably contained only H coming from the 2' position of the base-free deoxyribose. 3' Nicking by E.coli pyrimidine hydrate-DNA glycosylase (also known under the faulty name of E.coli endonuclease III) :
After the treatment of DNA.d(-)|5'-32 P;1',2'-3 H| with the AP endonuclease and addition of EDTA to stop the reaction, the ionic strength of the medium (223 yl) was increased by addition of 23 111 1 M KC1; the solution was then supplemented with 14 pi 1 H Na thioglycolate or Na acetate, and 20 yl E.coli pyrimidine hydrate-DNA glycosylase solution (the Na thioglycolate or Na acetate final concentration was 50 mM) . After 1 h at 37°C, the two samples were chromatographed on DEAE-Sephadex with buffers containing 50 mM of either Na thioglycolate or Na acetate. The results are in figure 3 . 3 In addition to a small peak of H not retained by the column, the control (acetate) (figure 3a) shows the peak of the doubly-labelled unsaturated sugar-5-phosphate which emerged at fraction 17, i.e. one fraction after the deoxyribose-5-phosphate 6276 marker. In the sample containing thioglycolate (figure 3b), this latter peak was nearly completely replaced by another one centered on fraction 25 due to the thioglycolate adduct. Here again the addition of thioglycolate to the unsaturated sugar produced by the E.coli enzyme was nearly complete. These results show once more (see |2|) that the pyrimidine hydrate-DNA glycosylase breaks the C(3')-0-P bond 3' to AP sites not by catalyzing a hydrolysis, but very likely by catalyzing a 3-elimination reaction. Thus one cannot use the term "E.coli (*) To support this hypothesis, fractions 17 and 18 from the chromatography containing deoxyribose-5-phosphate and the doubly-labelled unsaturated sugar-5-phosphate were pooled and spermine.HC1 was added to have a 10 mM concentration. After 3 h at room temperature, the solution was rechromatographed on DEAE-Sephadex : 76% of the recovered 3H and 32P radioactivities were found in the position of the unsaturated sugar-5-phosphate, but 24%, emerging as another peak, were not retained by the column. (b) DNA.d(-)|5'-32P; 1 ' ,2'-3H| was treated with the AP endonuclease, then incubated for 2 h at 37 C C with E.coli pyrimidine hydrate-DNA glycosylase in absence of thioglycolate. Subsequently thioglycolate was added to reach a 50 mM concentration and the incubation at 37°C continued for another 2 h, before analyzing the sample on DEAE-Sephadex; the buffers used for the chromatography did not contain thioglycolate.
endonuclease III"; one must rather speak of the AP lyase activity of the pyrimidine hydrate-DNA glycosylase (2,6).
Addition of thioglycolate to the unsaturated sugar produced by nicking 3' to AP sites by B-elimination is an irreversible reaction.
We have shown in the first section that, when the B-elimination was produced by an alkaline pH, the yield of the addition reaction was below 100% and that it increased with the thioglycolate concentration. The question was then raised whether the reaction was reversible and reached an equilibrium.
We recall that it was because we had not excluded this possibility that we kept the same thioglycolate concentration during the chromatography.
To answer this question, we performed two experiments. In the first one, 100 mM Na thiogly colate was used during the alkaline treatment, but the buffers used for the chromatography did not contain thioglycolate. Figure Aa (to be compared with figure Id) shows that the yield of the addition reaction was not changed but that the radioactivity peaks were much better separated.
In the second experiment where 100 mM Na thioglycolate was also used during the alkaline treatment, after the neutralization with HC1, a small excess of iodoacetamide (relative to the amount of thioglycolate used in the experiment) was added before submitting the solution to DEAE-Sephadex chromatography in absence of thioglycolate. The results (not shown) were exactly the same as in the preceding experiment.
The conclusion is that the thioglycolate:unsaturated sugar-5-phosphate adduct is stable and that the addition is an irreversible reaction. Consequently it is useless to have thioglycolate in the chromatographic buffers; it is rather detrimental : one gets a much better separation to distinguish the sugar-phosphates (deoxyribose-5-phosphate or unsaturated sugar-5-phosphate) from the thioglycolate adduct without it. Instability of the primary 5' product resulting from nicking 3' to an AP site by a B-elimination reaction.
The cause of the incomplete addition reaction in spite of an excess of thioglycolate, when the nicking by 3-elimination occurred in an alkaline medium, did not seem to be the slowness of the reaction or a thermodynamic equilibrium. A third possibility was an instability of the primary 5' product of the 3-elimination reaction : if addition of thioglycolate did not take place, the primary product was transformed into another one incapable to react with thioglycolate. The results presented in this paper suggest that this instability would be greater at alkaline than at neutral pH. The question is however more interesting at physiological pH where enzymes nicking at AP sites work.
To investigate this point, after nicking DNA.d(-)|5'-P; 1 *,2'-H| 5' to AP sites with the AP endonuclease and addition of EDTA to stop the reaction, the medium (111 ul) was supplemented with 12 pi 1 H KC1, 9 yl 1 M Na thioglycolate or 9 ul water, 50 yl of E.coli pyrimidine hydrate-DNA glycosylase solution, and incubated 2 h at 37 C C. Subsequently, 9.7 yl 1 M Na thioglycolate was added to the sample that previously received water and 9.7 yl water to the sample that previously received thioglycolate, and the two samples were further incubated at 37°C for 2 h, before being chromatographed on DEAE-Sephadex in absence of thioglycolate.
When thioglycolate (50 mM) was present since the beginning of the AP lyase treatment, the usual result was obtained : the unsaturated sugar-5-phosphate was nearly completely converted into the thioglycolate adduct (not shown). But, when the thioglycolate (also 50 mM) was added 2 h after the beginning of the AP lyase treatment (figure 4b), a more complex situation occurred; two additional peaks appeared : one, centered on 32 3 fraction 20 and containing P but no H, was in the position of inorganic phosphate and might result from a 6-elimination following the 3-elimination catalyzed by the enzyme; the other, 32 3 centered on fraction 24 and containing both P and H, might result from another transformation of the primary g-elimination product preventing the thioglycolate addition, but also from the addition of thioglycolate to the unsaturated sugar resulting from 3 32 the B6-elimination explaining the high H/ P ratio observed in this peak (indeed the ratio H/ P of the sum of peaks 20 and 24 is equal to that in the peak of the thioglycolate:unsaturated sugar-5-phosphate adduct centered on fraction 35). It is noteworthy that no such peak was visible on the chromatogram of the alkaline-treated sample where the thioglycolate addition was incomplete (figure lb, for instance). Here again pH probably explains the differences, but the situation is complex. The practical conclusion is that thioglycolate must be in the medium from the beginning of the 3-elimination reaction; we know that its addition to the unsaturated sugar resulting from the 3-elimination prevents a subsequent 6-elimination (3).
CONCLUSIONS.
Although all the enzymes so far carefully investigated that nick DNA strands 3' to AP sites have been shown to catalyze a breakage by 3-elimination (they are thus AP lyases |6|), and not a hydrolysis of the C(3')-O-P bond (they can thus not be called 3 1 AP endonucleases or AP endonucleases, class I |l|), the question will arise everytime a new enzyme will be found to nick the same bond. The two cleaving mechanisms leave different 3'-terminal base-free sugar : hydrolysis leaves a 3'-terminal base-free deoxyribose; g-elimination leaves a 3'-terminal base-free unsaturated sugar. A way to distinguish between the two results is to hydrolyse, in addition, the C(3')-0-P bond 5' to the AP site with an AP endonuclease and analyze the released sugar-5-phosphate by DEAE-Sephadex chromatography. The chromatographic behaviours of deoxyribose-5-phosphate and the unsaturated sugar-5-phosphate are however not very different. It would be useful to magnify the difference; this can be done using a thiol compound with an additional anionic group such as thioglycolate.
We show here that thioglycolate does not react with deoxyribose-5-phosphate which keeps the same chromatographic behaviour, but it reacts with the unsaturated sugar-5-phosphate yielding an addition product that is greatly retarded and well separated from the deoxyribose-5-phosphate; hydrolysis as the cleavage mechanism of the C(3')-O-P bond 3' to AP sites can thus be easily excluded.
It was previously shown (3), using | P | pdT. , d ( -)dT.. .. hybridized to polydA and an electrophoretic analysis, that with 10 mM thioglycolate the 3'-terminal unsaturated sugar resulting from the ^-elimination cleavage by the AP lyase activity of E.coli pyrimidine hydrate-DNA glycosylase was not quantitatively transformed into the thioglycolate adduct. We show here that, with 50 mM thioglycolate, the addition to the unsaturated sugar-5-phosphate (which may be more reactive when free than when at the 3' end of the 5' fragment produced by an AP lyase) is complete, but the thioglycolate must be in the medium from the beginning of the reaction; we have indeed found that, in absence of thioglycolate, the primary 5' product of the 3-elimination cleavage undergoes modifications that uselessly complicate the situation.
When the 8-elimination cleavage occurs at alkaline pH, the result is somewhat different; a 100 mM thioglycolate concentration is necessary to have a nearly complete addition reaction. The most likely explanation is that the primary 5' product of the 3-elimination cleavage at AP sites is modified leading to compounds that do not react anymore with thioglycolate.
We have shown that thioglycolate addition to the unsaturated sugar resulting from the (3-elimination is an irreversible reaction. It is thus not necessary to have thioglycolate in the solvents used for the DEAE-Sephadex chromatography ; it is much preferable to have no thioglycolate in these buffers since it accelerates the elution rate and draws closer the sugar-phosphate and the thioglycolate adduct peaks making less clear the diagnosis of fj-eliniination.
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